In this paper, the spectral and nonlinear optical properties of a colloidal solution of platinum nanoparticles (Pt NPs) in water are presented. The Pt NPs were prepared by laser ablation of a Pt metallic target in distilled water using a 1064 nm high frequency Nd:YAG laser. The intensity-dependent nonlinear optical absorption and nonlinear refraction behaviors of the sample exposed to the 532 nm nanosecond laser pulses were investigated by applying the Z-scan technique. The saturated nonlinear absorption coefficient 5.4 × 10 −7 cm W −1 was obtained in a saturation intensity of 1.8 × 10 7 W cm −2 . The saturable absorption response of the Pt NPs was switched to the reverse saturable absorption in the higher laser intensities. The nonlinear refractive index that has a negative value was increased from −3.5 × 10 −13 cm 2 W −1 up to −15 × 10 −13 cm 2 W −1 by increasing the laser intensity.
Introduction
Due to their unique properties, nanostructured materials have been widely studied and applied in the recent years. The superior behaviors of these structures have led them to be progressively applied in light emission diodes (LED), solar cells, catalysts and biological devices [1] [2] [3] [4] . Attracted by these promising properties and applications, research efforts have increasingly focused on synthesizing various kinds of nanoparticles (NPs) and investigating their features. On the other hand, the special nonlinear optical response of noble metal NPs when exposed to intense laser radiation has induced novel applications in nonlinear spectroscopy, optoelectronics and optical switchers and limiters [4] .
Several aspects of the nonlinear optical characteristics of noble metal NPs, such as nonlinear absorption (NLA) and nonlinear refraction (NLR), have been measured and presented in previous studies [5] [6] [7] [8] . Depending on the inherent material characteristics and experimental conditions (such as wavelength, intensity, and pulse duration of the laser used), the sign of NLA and NLR coefficients is found to be either negative or positive. Each of these behaviors originates from different physical mechanisms and can lead to a variety of applications in the generation of short pulsed lasers by passive mode-locking or Q-switching elements and optical limiters. A negative NLA is known as saturation of absorption (SA) and the sample optical transmittance increases with increasing of the radiation intensity. In the case of a positive NLA, the propagated laser radiation was absorbed in the medium and material transmittance reduces with increasing of the optical intensity. This effect could be attributed to the multi-photon absorption (mainly two-photon absorption), reverse saturation of absorption (RSA), and nonlinear scattering mechanisms. The two-photon absorption process mainly occurs when half of the irradiation wavelength (λ/2) matches the surface plasmon resonance (SPR) of noble metals NPs. This mechanism has been observed previously by Kyoung and Lee through 800 nm laser irradiation of Ag nanorods with the SPR at 400 nm [6] . The medium will show RSA behavior when the excited states have strong absorption compared with the ground state and the photon energy is not sufficient to induce two-photon absorption. The RSA characteristics have been observed as a result of free carrier absorption in gold nanorods by Elim [5] and also as a result of photochemical change induced absorption in our earlier work on Au-Ag nanoalloys (NAs) [7] . The nonlinear scattering process originates from the formation of strong light scattering centers due to the vaporization of the initial particles by intense laser pulses. This effect was observed using 532 nm nanosecond laser pulses in silver nanocomposite by Ispasoiu et al and is related to the nonlinear scattering induced absorption [8] .
Among the various noble metals (such as Au and Ag NPs and NAs) that have been widely investigated for optical features [5] [6] [7] [8] [9] , platinum nanoparticles (Pt NPs) have mainly been studied due to their potential properties and applications in the development of fuel cells, hydrogen storage materials and catalysts [10] [11] [12] . However, compared to Au and Ag, the nonlinear optical properties of Pt NPs have been investigated and reported in the several papers in recent years [13] [14] [15] . The SA and RSA response and optical limiting of Pt NPs in various irradiation intensities have been reported by Gao and Qu, respectively [13, 14] . Ganeev et al have reported the response of Pt NPs stabilized in a polyvinyl pyrrolidone (PVP) suspension to 1064 nm short Nd:YAG laser pulses. They also used these features to generate picosecond pulse trains in the mode-locking of laser radiation in an Nd:glass oscillator [15] .
The investigations of nonlinear absorptive and refractive behavior of NPs in various wavelengths and intensities have attracted interest since these nonlinearities can lead to a variety of applications in the generation of short pulsed lasers by passive mode-locking, or Q-switching elements, and optical limiters. In this paper, we characterize the UV-vis absorption spectroscopy of laser synthesized Pt NPs in deionized water. Also, the nonlinear optical absorption coefficient and refraction indices of these NPs exposed to the 532 nm (10 ns pulse duration) laser radiation are obtained. The Z-scan technique is used to investigate the sign and value of NLA and refraction coefficients of colloidal Pt NPs. Our results indicate the SA behavior of these NPs in the lower laser fluencies, which was switched to the RSA as the laser intensity increased. The descriptions of these treatments were also made with a theoretical calculation, which was compared with the experimental results.
Experimental setup

Synthesis of colloidal Pt NPs
In this study, Pt NPs were produced by laser ablation of a Pt metal plate (99.999%) in deionized water. As shown in figure 1 , the target was placed at the bottom of a glass vessel that was filled with 10 ml water. In order to synthesize Pt NPs, a high frequency Nd:YAG laser (1064 nm) with 50 W maximum CW power and 240 ns pulse duration was employed. The laser was adjusted to operate at 200 Hz repetition rate. The laser beam was focused, using an f -theta lens with 80 mm focal length, to a 70 µm spot diameter on the target surface. The laser beam was moved by means of a scanner located at the laser head on a rectangular area. The specimen was ablated and Pt NPs formed in the colloidal ambient medium.
The energy of the laser pulse that was applied on the target was 3 mJ/pulse and, therefore, the laser fluence on the target surface was 78 J cm −2 . The laser irradiation time in the experiments was 15 min and the concentration of colloidal solution reached to 5.3 × 10 −4 M. During irradiation, the colloidal solution of Pt NPs gradually converted from yellow to black brown. After an ablation period, a small amount of the colloidal solution was transferred into a 10 mm quartz cell for the UV-vis absorption spectroscopy. The spectrometer employed was a Lambada 25 model (Perkin Elmer Inc.) having 2 nm resolution in the 190-1100 nm scan range. The synthesized colloidal solution of Pt NPs has been deposited onto carbon-coated copper grids and the TEM images were taken by employing an EM208S model (Philips) microscope, operating at 120 kV accelerating voltage. Also, the colloidal sample was dried at room temperature and the extracted powder was prepared for XRD characterization. The x-ray diffraction analysis was measured using an XPert model (Philips; Cu Kα radiation λ = 1.540 56Å).
Z-scan measurement
The nonlinear optical properties of Pt NPs were investigated by using a Z-scan technique, which was developed by Bahae et al [16, 17] . In this technique, the self-focusing/defocusing response of the materials under laser irradiation determines the NLA and refraction. In this manner, a focused single Gaussian laser beam is applied on a nonlinear medium, as illustrated in figure 2. Sample transmittance with/without a finite aperture is measured in the far field as a function of the sample position (on z axis). The sample position is defined with respect to the focal plane of L lens in figure 2. To perform the Z-scan experiments, a Q-switched Nd:YVO 4 laser from the EKSPLA company (model NL640) was used. The light source was coupled with a second harmonic generation unit (SHG). The light source generates 532 nm laser pulses with 10 ns pulse duration. A lens with a focal length of 80 mm was used (L lens in figure 2 ) to focus the laser beam to a 80 µm spot diameter, as determined with the knife-edge technique. The laser operates at 200 Hz pulse repetition rate and 0.02-1.35 mJ pulse energy. The lens to sample distance creates a 3.2 × 10 7 -1.5 × 10 9 W cm −2 laser intensity on the sample. The colloidal solution of Pt NPs was filled in a 2 mm quartz cuvette, which is fixed on a translation stage and moved over the 120 mm length through both sides of the focal region of the laser beam. The sample was moved in 2 mm stages. Position-dependent transmission is measured in an oscilloscope by using two photodiodes (PD 2 , PD 3 ) for each open/close-aperture trace of the Z-scan setup. The detected signals were stored and compared with the main laser beam signals (PD 1 ), which are used to calculate the NLA and refraction coefficients of the Pt NPs solution.
Results and discussion
3.1. NP characterization 3.1.1. UV-visible absorption spectrum.
The UV-vis absorption spectra of laser synthesized colloidal Pt NPs in deionized water is illustrated in figure 3 . The absorption spectrum indicates that the surface plasmon resonance band of this sample appeared in the UV region at the 218 nm wavelength. A similar absorption spectrum of 1064 nm laser synthesized Pt NPs was reported earlier by Mafune et al [18] . Their spectrum exhibits a tail portion of a broad band with a peak at 220 nm in the 200-900 nm entire range studied. Other theoretical and experimental investigation on synthesis and absorption spectra of Pt NPs showed that an absorption peak appears around 200 nm (mainly at 215 nm) and continued with a broad band tail in the 200-1000 nm spectral region. The theoretical calculations of Creighton and Eadon are based on Mie's theory for the interaction of the conduction band electrons of spherical Pt particles with an electromagnetic radiation, which presented that the plasmon peak appears near 200 nm [19] . Henglein et al chemically prepared Pt NPs through radiolysis and hydrogen reduction treatments of aqueous solutions of K 2 PtCl 4 in the presence of stabilizing agents and showed that a peak exists at around 215 nm in the optical absorption spectrum and is almost independent of the particle size [20] . In addition, two strong bands at 210 and 260 nm were previously characterized by Siani et al in the [PtCl 2 (H 2 O) 4 ] 2+ solution that was assigned to the Pt 4+ -O and Pt 4+ -Cl ligand-to-metal charge transfer, respectively. These peaks were converted to a single peak at 215 nm during the reduction process [21] .
According to the above mentioned reports and theories, we propose that our absorption peak observed in the UV-vis spectrum at 218 nm is associated with the formation of larger Pt NPs or clusters. This effect is due to dipole-dipole interaction of the agglomerated particles, which has also been observed for colloidal cadmium and thallium [20] . The tendency of cluster formation is more prominent for platinum compared to gold or silver NPs. The absorption of the Pt NPs is mainly due to inter-band transitions, the d band lying rather close to the s-p band in this metal [20] .
X-ray diffraction pattern and morphological characterizations.
The colloidal solution of Pt NPs was dried at room temperature and the resultant powder was characterized by its x-ray diffraction pattern (figure 4). Three (2 2 0), respectively, which were consistent with the Pt cubic structure in the standard data source (JCPDS: 004-0802) [22] .
The shape and size distribution of the synthesized NPs was studied using transmission electron microscopy (TEM) images. Figure 5 represents the spherical shape of Pt NPs and the corresponding size distribution. Most of the particles were in the order of 10-15 nm; however, there were also smaller (8 nm) and bigger agglomerated particles (up to 35 nm), as indicated by the particle size distribution histogram.
Nonlinear optical characteristics: SA and RSA responses
To investigate the nonlinear optical properties of Pt NPs, the colloidal synthesized samples were irradiated with a laser beam of different energies in the Z-scan setup. Figures 6(a)-(c) represents the open-aperture (OA) Z-scan results of 2 mm thick cell containing these NPs. The solid line is the theoretical fit to the experimental data according to equation (1) (see below). At relatively lower laser intensities (figure 6(a), 4.3 × 10 7 W cm −2 ) a pure negative NLA, known as an SA phenomenon, was measured in the OA Z-scan trace when the sample moves along the z-axis. With the increase of excitation intensity up to 5.4 × 10 7 W cm −2 ( figure 6(a) ), the SA behavior of sample conserves but the negative absorption of Pt NPs strengthened and the response curve is broadened on the z-axis. Further growth of the laser intensity alters the SA behavior of Pt NPs near the focal point and the negative absorption of sample is changed (it is very sensitive to the Figure 6 . The normalized open-aperture Z-scan transmittance curves obtained using different laser intensities. Solid lines are numerical fits to the experimental data. laser intensity) to a positive absorption (figures 6(b) and (c)). Similar effects were observed earlier in longitudinal SPR in gold NPs [5] and in aqueous solution of Pt NPs protected by PVP [13, 15] . The positive absorption value of Pt NPs in the higher laser intensities could be related to both the RSA and two-photon absorption mechanisms. In the present experiment, the critical amount of the laser intensity where the SA response of Pt NPs was switched to the RSA was found to be 6.2 × 10 7 W cm −2 . To calculate the NLA coefficient and saturation intensity, the Z-scan experimental data was theoretically fitted by normalized transmittance relation in a single OA Z-scan trace. The normalized transmittance of an OA Z-scan trace was determined previously by Bahae et al, as follows [17] :
In this equation, I 0 is the irradiated laser beam intensity in the focal point and Z 0 is the Rayleigh length. L eff = (1 − e −α 0 L )/α 0 is the effective length of the sample and L is the sample length (2 mm in our experiment). α 0 is the sample linear absorption coefficient and is calculated to be 0.91 cm −1 from the inset diagram of figure 3. The β(I) parameter is the NLA coefficient of Pt NPs and is calculated from the following relation [13] :
I and I s are the laser irradiation intensity and saturation intensity, respectively. The final relation was obtained by substitution of equation (2) in equation (1), which was used to fit the theoretical results (solid curves) to the Z-scan experimental data (discrete points), as shown in figure 6(a) for the various laser intensities. The best theoretical fit is obtained by using the 2.5 × 10 7 W cm −2 and 1.8 × 10 7 W cm −2 saturation intensity, respectively. In the case of SA behavior followed by the RSA, the NLA coefficient (β) was obtained from combination of saturable absorption and two-photon absorption terms, as follows:
where the first term describes negative NLA (such as SA) and the second term describes positive NLA (such as RSA and two-photon absorption). The β p parameter is a positive NLA coefficient and is obtained from the theoretical fit of experimental data by the normalized transmittance relation (equation (1)). The corresponding saturation intensity and positive NLA coefficient values for various laser intensities are given in table 1. Figure 7 represents the closed-aperture Z-scan results of colloidal Pt NPs at different values of laser intensities for an irradiation wavelength of 532 nm. The closed-aperture curves exhibit a peak to valley shape, indicating a negative value for the nonlinear refractive index. This behavior is independent from the laser intensity and the NLR sign is conserved in all situations. However, as expected, the nonlinear refractive index values increase in the higher laser intensities. The peak to valley configuration in figure 7 indicates that Pt NPs exhibits self-defocusing effect at 532 nm. Furthermore, the asymmetry feature of the Z-scan traces is notable in figure 7 with larger peaks and smaller valleys. The asymmetry in closed-aperture results could be attributed to the presence of NLA while extracting the NLR curves. NLA can enhance transmission of Z-scan with aperture before focal point and reduces the transmission after it. By defining the relative coordinate x = Z/Z 0 the spatial dependence of the normalized transmission T in the case of NLR can be written as [23] [24] [25] [26] :
where φ 0 = (2π/λ)n 2 I 0 L eff and ψ 0 = (1/2)βI 0 L eff are the nonlinear phase shifts due to the NLR and NLA, respectively. The nonlinear refractive indices (n 2 ) can be obtained by the theoretical fit of equation (4) to the closed-aperture experimental data. It can be seen that the theoretical curves are compatible with the experimental results, which indicates that the model used is appropriate. Also, the real and imaginary parts of nonlinear susceptibility (χ (3) ) are related to the nonlinear refractive index and NLA coefficient by the following relations, respectively:
The corresponding NLR indices and nonlinear susceptibility values for Pt NPs at various laser intensities are listed in table 1. The saturated intensity and NLA coefficient in aqueous solution of Pt NPs protected by PVP has previously reported been to be 1.1 × 10 6 W cm −2 and −3.2 × 10 −8 cm W −1 values, respectively, by using 8 ns laser pulses at 532 nm [13] . The corresponding values were changed to 5 × 10 9 W cm −2 and −6 × 10 11 cm W −1 by the application of near-infrared picoseconds laser pulses (50 ps, 1064 nm) [15] . Also, the nonlinear refractive index of Pt NPs in our experiments was estimated to be 1.5 × 10 −12 cm 2 W −1 , which is lower than the reported value for the laser beam with picosecond pulses. When the absorption of material depends on the intensity of the incident beam, the nonlinear optical properties of metallic NPs could be attributed to surface plasmon resonance (SPR) and inter-band or intra-band excitation of electrons [25] . The plasmon band of metal NPs is explained on the basis of Mie theory and involves dipolar oscillations and excitation of the free electrons in the conduction band that occupy energy states near the Fermi level [4] . The absorbance curve (figure 3) demonstrates that the excitation of colloidal Pt NPs occurs at 218 nm in the UV region of spectral domain. This region is far from the 532 nm (Z-scan excitation wavelength) and, hence, the conversion of SA to RSA in NLA behavior of Pt NPs should be rather weak due to the coupling to SPR at the excitation wavelength of 532 nm [25] . In the case of the noble metals, the optical properties are influenced by the localized electrons in the d bands (which lies from 2 to 5 eV below the Fermi level) and by the quasi-free electrons in the s-p conduction bands [25] . Electronic transitions between d bands and the conduction band can occur for photon energies larger than the energy gap at the X-point of the Brillouin zone [27] . In the platinum the d band lies close to the s-p band and the electron inter-band transitions occur easily under the excitation by the 532 nm laser beam [15] . Therefore, the optical properties of colloidal Pt NPs in the visible range are predominantly due to these inter-band transitions between the d band and the conduction band levels.
Conclusion
This paper reports our synthesis of colloidal Pt NPs by laser ablation in deionized water. The corresponding characteristics and nonlinear optical properties have been investigated using the Z-scan technique and are summarized as follows:
(1) The SPR in Pt NPs were obtained using UV-vis absorption spectroscopy at 218 nm. Moreover, the purity and crystalline structure of the extracted powders are confirmed by using XRD analysis.
(2) At lower laser intensities, a pure negative NLA (known as SA) was measured. With the increase of excitation intensity, the SA behavior of the sample was strengthened and the response area was broadened on the z-axis.
(3) Further growth of laser intensity alters the Pt NPs behavior and the SA response was switched to the RSA. In other words, in the Z-scan experiments the SA alters to the RSA by increasing the laser intensity to more than 6.2 × 10 7 W cm −2 .
(4) By applying a theoretical model the NLA coefficients, saturation intensity, NLR indices, and third order nonlinear susceptibility of the synthesized colloidal Pt NPs were calculated.
